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Project Description

I. Introduction

The standard Big Bang universe model is mainly based on linear interactions, except
during exotic periods such as inflation. The purpose of the present proposal is to explore the
effects, if any, of vacuum polarization in the very high energy density environment of the early
universe. These conditions can be found today in astrophysical settings and may also be
emulated in the laboratory using high intensity advanced lasers.

Shortly after the Big Bang, there once existed a time when the energy density of the
universe corresponded to a temperature in the range 10® — 10° K, sufficient to cause vacuum
polarization effects. During this period, the nonlinear vacuum polarization may have had
significant modifications on the propagation of radiation. Thus the thermal spectrum of the
early universe may have been starkly non-Planckian. Measurements of the cosmic microwave
background today show a spectrum relatively close to an ideal blackbody. Could the early
universe have shown spectral deviations due to nonlinear vacuum effects? If so, is it possible to
detect traces of those relic photons in the universe today?

Found in galactic environments, compact objects such as blazars and magnetars can
possess astronomically large energy densities that far exceed anything that can be created in
the laboratory. Their field strengths are known to reach energy levels comparable to or
surpassing the energy corresponding to the Schwinger critical field E~10"® V/m. Nonlinear
vacuum effects become prominent under these conditions and have garnered much interest
from the astronomical and theoretical physics communities. The effects of a nonlinear vacuum
may be of crucial importance for our understanding of these objects.

At energies of the order of the electron rest mass, the most important interactions are
described by quantum electrodynamics (QED). It is predicted that nonlinear photon-photon
interactions will occur at energies approaching the Schwinger critical field. The basic process is
the appearance of vacuum polarization, or the creation of the virtual electron-positron pair by
vacuum fluctuations, as shown in Fig.1. These quantum processes can be described by an
effective field theory for the electromagnetic field where the effects of virtual processes appear
as small corrections. First derived by Heisenberg and Euler, this theory describes the
corrections to classical electromagnetic theory due to photon-photon scattering [1]. An
overview of nonlinear vacuum effects as formulated through the Heisenberg-Euler Lagrangian
can be found in [2].



Vacuum fluctuations

Fig. 1 The process of elastic scattering among photons through the quantum vacuum. The wavy
lines represent photons and spheres represent virtual electrons and positrons. Artwork from
Eur. Phys. J. D 55, 319-326 (2009)

IL. Project Plan

We propose a novel theoretical study to pursue a fully self-consistent theory of
blackbody radiation in the high energy density regime. We plan to accomplish this by building
upon the existing effective-field theory using the Heisenberg-Euler Lagrangian, in conjunction
with the framework of stochastic electrodynamics (SED) and thermodynamics to fold the
effects of the nonlinear QED vacuum into a semi-classical model of the blackbody.

From an electromagnetic radiation viewpoint, inertially-confined ignited deuterium-
tritium plasmas, similar to that produced in the National Ignition Facility (NIF), behave rather
like blackbodies, with characteristic temperatures of a few tens of keV [3]. It has been shown
that the injection of relativistic electrons into the burning core can generate high energy
photons via Compton scattering. While the thermal energy density of the core will correspond
to field strengths much lower than the Schwinger field necessary to produce photon-photon
scattering, it has been speculated that electron focusing could be used to focus the high energy
photons in a very small spatial region, where the electromagnetic fields may approach or
exceed the Schwinger limit [4]. Due to the Laboratory’s dedication toward nuclear and energy
security, lead by the NIF and followed by the upcoming Laser Inertial Confinement Fusion-
Fission Energy (LIFE) program, we expect that a physical model and numerical code that
includes vacuum polarization effects in the presence of blackbody radiation will greatly
enhance the Laboratory’s modeling capabilities.

Owing to enormous progress in the field of high-power laser facilities, today the
brightest lasers are capable of reaching intensities in excess of 10** W/cm?. At these intensities,
the nonlinear relativistic dynamics of laser-plasma systems give rise to numerous high field
effects, including high harmonic generation, soliton formation and pulse collapse. At higher



intensities, the combined effects of laser pulse collapse and ponderomotive force electron
expulsion can create conditions in which the nonlinear vacuum effect of elastic photon-photon
scattering and electron-positron creation become important. Simple experiments have already
been suggested for measuring these effects in upcoming high power laser facilities like the
European Extreme Light Infrastructure (ELI) project [5]. The physical understanding and
numerical modeling of laser-plasma interactions at these intensities is vital to the next
generation of laser experiments, including the upcoming LIFE program here at Livermore.

While incoherent blackbody radiation is at one end of the scale, and coherent photon
field of the laser is at another, there are similar aspects of the theory that apply to both.
Computer modeling codes that result from the proposed work can benefit a wider scientific
community. One potentially fruitful numerical model is a Monte-Carlo simulation of intense
blackbody radiation and its interaction with photons and particles. This code will be very
helpful in understanding the interaction dynamics and, ultimately, the early universe. The
Laboratory’s renowned supercomputing infrastructure may be utilized in the second year of
this study, when a working prototype computer code is expected, to help achieve this objective.

In previous works (e.g. [6]), the effective nonlinear Lagrangian derived by Heisenberg
and Euler is used to describe the propagation of photons in slowly varying but otherwise
arbitrary electromagnetic fields. One can extend these results to collections of fields by
aggregating the interactions of individual components. However, since the principle of
superposition does not hold for nonlinear systems, approaches based on conventional methods
of solving linear differential equations may be inappropriate. For a statistical mixture of many
interacting fields, one needs to examine all of the fields collectively.

One method to approach this problem is via stochastic electrodynamics, which is well
suited to describing the random nature of thermal fields. In SED, both the fields and particles
with which it interacts are treated classically. SED has been successfully applied to a number of
non-classical problems in physics, including zero-point energy, the Casimir force and the Unruh-
Davies effect for accelerated observers [7,8]. To the best of our knowledge, SED has not yet
been applied in the scope of nonlinear vacuum polarization. We believe SED to be a useful
framework on which we can build upon to include nonlinear vacuum polarization into high
energy density photon thermodynamics.

The deliverables in this proposed study are:

A. Theoretical models and computer codes applicable to high intensity lasers,
astrophysics, high energy density physics, NIF and LIFE.
B. A series of scientific publications in professional journals



1. Novel derivation of lowest order QED corrections to photon thermodynamics
and blackbody radiation —Physical Review Letters, 2010

2. Study of the radiation dynamics of charged particles in intense blackbody fields
with application to the Cherenkov effect —JOSA B or Optics Letters 2010-2011

3. A self-consistent theory of high energy density blackbody radiation —Journal of
Physics A or Physical Review D, 2011-2012

4. Nonlinear vacuum polarization and the Unruh effect —Phys Rev Lett, 2011-2012

C. Conference presentations and proceedings (details in Section 1V)

III. Management Plan

We are asking for support at the $225K level and a period of 2 years to complete this
theoretical study. We are proposing that this study be lead by Dr. Sheldon Wu, a former
Lawrence Scholar and now a post-doctoral researcher in NIF/PS&A. Dr. Frederic Hartemann, a
chief scientist in NIF/PS&A, will provide additional support and consultation. The proposed
numerical portion of this study will be aided in the second year, if necessary, by institutional
computation capabilities that are available for general use. Finally, the PS&A staff that will
contribute to this work, along with their NIF/PS&A management, have an established record of
successfully completing projects, reporting/publishing their results in the scientific literature,
and building follow-on programs that show a return on investment of the LLNL supported R&D.
We expect this theoretical and numerical study to lead to further research after the LDRD
funding period and potentially gain favorable recognition from other institutions and funding
agencies.

IV. Dissemination

The proposed work will result in a number of publications in journals, professional
conferences, technical seminars, etc. If successful, we expect this theoretical study to lead to
collaborative efforts with other scientists inside and outside of the Laboratory. To help
engender this outcome, travel to technical or scientific conferences is an integral part of this
plan. Appropriate conferences to disseminate our results are:

-American Physics Society, General Meetings, March & April 2011

-American Physics Society, Division of Plasma Physics, Nov 2010

-American Astronomical Society, January & June 2011

-American Astronomical Society, High Energy Astrophysics Division, March 2011



V. Summary

The purpose of the present proposal is to explore the effects, if any, of the nonlinear
vacuum in the very high energy density environment of the early universe. This investigation
will lead to a novel description of the propagation of light and interaction with matter in the
nonlinear high energy density vacuum. Our conjecture is supported by a number of works in
literature from disparate branches of physics. Our results may be applicable to a wide array of
fields, including high intensity lasers, astrophysics and cosmology, high energy density physics
and fusion. This activity is inline with LLNL’s strategic roadmap and will contribute to
maintaining LLNL’s scientific vitality and world eminence in the field of fundamental physics and
astrophysics, in addition to enhancing the Laboratory’s ability to address future high energy
density strategic missions, including but not limited to NIF and LIFE.
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